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Abstract. Advances in information technology allows architectural models to be created in full-
scale synthetic environments equipped with navigational and interactive capabilities. This study 
explores the theoretical basis on how design processes and representations can be affected if design 
is conducted in such an environment. An experiment was designed, and two subjects were invited 
to participate. The design processes were recorded, and protocol analysis was conducted to deci-
pher the characteristics of conducting design in full scale. The overwhelming sense of immersion 
and projection in the virtual reality environment has altered the design behaviors and processes. 
The design process is almost purely visual, with a lot of attention devoted to the sizing, texturing, 
and coloring of the details of the objects. The tool also allows real time tests of functionality and 
scale, and therefore, produces better designs in those aspects. This Virtual Architectural Design 
Tool (VADeT) offers potential for teaching and studying design. 
 
Keywords. immersive representation, perception, virtual reality environment. 
Introduction 
The study of design thinking approaches design as a series of cognitive mechanisms that foster, formulate, 
and display information. The advances in information technology have already affected how information is 
stored, transmitted, and displayed. However, the virtual reality environment, currently the most advanced 
computer technology, creates an interface between human beings and computers as has never been seen 
before. It is likely that this interface will have profound effects on how individuals perceive, process, and 
interpret information. The purpose of this study is to document the architectural design process conducted 
in a full-scale virtual reality environment and to understand the potential of such design tools in shaping and 
improving design products. 
How can full-scale computer-generated artificial environments shape and improve design? The answer 
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of projection and immersion is so convincing that it changes how problems are identified, how solutions are 
generated, and how design is represented. 
A design product, represented in a full-scale computer model, enhances the understanding of the design 
tremendously. The model reveals spatial qualities, colors and textures, proportions of the space, the aesthet-
ic expression, and even the HVAC system which is traditionally invisible in the miniature model (Chan, 
1997). The navigation capabilities in the full-scale model creates a sense of projection which yields poten-
tial for different perceptions of the design and hence diversifies the design process. In the design profession, 
diversity will broaden personal vision, enrich the memory of mental images, and stimulate multidirectional 
thinking (Sloman, 1978; Boden, 1988). All these are likely to improve design quality. 
The most advanced VR tool also allows interaction between the user and the environment, and a sense of 
immersion occurs as a result. Immersive perception helps individuals to block out distraction and focus on 
just the information with which one wants to work on. The effect of immersion is similar to that of an audi-
ence and a theater production. Only when the audience is immersed in the theater will their attention focus 
on the actors' performances. When it works, the theater has the power to engage the audience and hold its 
attention. This total concentration can convince, teach, and inspire. Perception in VR space is direct and 
prompt, and therefore, this immersive experience reduces the level of abstraction and ambiguity. 
Theoretically, a full scale, navigable, and interactive virtual reality design application has the potential of 
enhancing the understanding of  a design product, reducing the ambiguity of the perception, and diversify-
ing perception and solutions. This study is the first step to explore this potential. 
Background 
A design product is the outcome of a series of cognitive mechanisms and activities. The full-scale virtual 
reality environment, used as a design tool, significantly changes some aspects of these cognitive functions, 
mainly representation and perception. The following section reviews the historical theoretical background 
of visual representation and perception in the architectural design process, and offers a conceptual frame-
work for understanding how a full scale interactive design tool can effectively change how architects de-
sign. 
Representation 
Representation means to have something standing in for something else and is the means for representing 
the things that happened in reality (Echenique, 1972; Hesse, 1966). It is also true that the representation of 
design information is the means for displaying design concepts. The evolution of representation used in 
design can be categorized in several stages: 
 
1. Two-dimensional drawings. Before the 14th century, the most realistic representations were those of 
subjects such as human figures and animals expressed using the width and height of the canvas without 
having the depth (see Figure 1). With no realistic ways to express depth, it is difficult to deliberate the sur-
rounding site context in any architectural design. 
2. Perspective. In the 1400s, a method of projecting three-dimensional perspective onto a flat, two-
dimensional canvas was developed and has been one of the foundations of art ever since. Perspective pro-
vided a new form of generating an illusion of depth. The wall where the perspective scene is painted be-
comes a window to break the wall surface, and a relation between the actual space of the wall and the virtu-
al image of the representation is generated. This symbolized a new trend that ideas could be pictorially 
communicated in an understandable way. Thus, perspective acts as a visual frame as well as a conceptual 
structure. 
3. Physical models. During the Renaissance, methods of using physical models to present design inten-
tions and to verify structural analysis matured and are now popularly applied in the design profession. 
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Fig. 1. Two dimensional image in drawing. 
4. 2.5D virtual representation. In 1788, the Scottish painter Robert Barker painted the city of Edinburgh 
in a 360-degree view and called it a panorama. In the mid 1800s, the new technology of photography be-
came popular. Especially, in 1833, Wheatstone invented the stereoscopic display to view images with a 




Fig. 2. The stereoscopic display. 
5. 3D virtual representation. In the 20th century, computers have come into common use, and digital 
modeling is used to represent buildings and objects in computers to show design concepts. Various tech-
niques (sub-representation) can be applied for digital representation -- for instance, using wireframe, sur-
face, boundary, parametric, and solid methods for model construction, rendering for expressing realism, and 
animation for navigation. This "sub-representation within representation" is the advantage of information 
technology. 
Reflecting on the history of representation, most of the drawings, paintings, pictures, and models of 
buildings were done in some miniature scale. Since these representations can only be visualized but not 
actually ‘experienced’, it is reasonable to assume that the new 3-D virtual representation will affect the level 
of perception and understanding of the design concepts. 
Perception 
Perception means to recognize, be aware of, or understand the message revealed in the representation. Ac-
cording to Anderson (1980), our cognitive systems utilize various pattern recognizers to structure the senso-
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ry input and to decode the message. Thus, visual perception involves the following sequences of processing 
information: (1) An object is visualized first, then the sensory information is encoded into short-term 
memory; (2) after the sensory information is stored in short-term memory, it will be used as a sensory code; 
(3) the cognitive processors proceed by matching the sensory code with patterns stored in the long-term 
memory to find a fit; (4) psychological attention is paid for recognizing the hidden patterns in the visual 
sensory codes and starts the interpretation. 
From a cognitive science point of view, perception is recognition. For instance, the moment when we see 
a friend, his or her face triggers the image template of the face stored in our memory, and the name associ-
ated with the template is simultaneously recalled. Thus, we can address the friend's name immediately. This 
face template has an image pattern stored in our memory, and a rapid interpretation is activated after the 
cognitive mechanism of pattern matching is executed. Sometimes, the stored image has no name associated 
with it, or a name is saved but the associated image is not clear or is missing. In either of these cases, the 
pattern matching does not work and the search fails. Sometimes, what the eye has seen and what the mind 
believes can be two different things. If the visual information is un-interpretable or misinterpreted, an illu-
sion is produced. 
Perception and illusion 
An illusion is caused by the failure to correctly interpret the information during the process of perceiving a 
visual object. There are three sources of illusion : abstraction, ambiguity, and distortion. The following 
examples illustrate how these notions generate an illusion.  
The first example is that quick sketches are always simple and schematic to generate abstractions and 
provide room for interpretation (see Figure 3). When a viewer sees a sketch, a sense of uncertainty emerges 
from high level of abstraction and personal interpretation is needed. 
 
 
Fig. 3. Sketches generate abstraction. 
The second example is that different types of lines used on a drawing suggest different levels of accura-
cy. A thick line drawing is less precise and subjects to viewer’s interpretation (see Louis Kahn's sketch of 
central Philadelphia shown in Figure 4). On the other hand, working drawings are more accurately drawn 
with fine and straight lines joined precisely; the level of ambiguity is minimized and the flexibility for inter-
pretation is very limited. The digital representation of the 3-D virtual models that used in the current study 
does not have any room for flexibility and ambiguity. Chances for wild guesses and room for interpretation 
is greatly reduced. 
The third example is how special effects in the perspective drawing, such as punctuating colors, vary-
ing line thickness, and switching drawing focus to cheat perception, can occasionally overemphasize certain 
parts of the form and create a distorted and surrealistic illusion. As a result, viewers lose the sense of reality. 
All these cases could generate misinterpretation. 
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Fig. 4. Louis Kahn's sketch of central Philadelphia. 
As illustrated, the accuracy of a perception is influenced very much by the means of representation, the 
patterns stored in memory, and determined by the methods (association) utilized for recognition. In design, 
conventional miniature models and drawings provide clues to understand design concepts. However, it is 
difficult to fully perceive interior spaces and proportions inside the building. On the other hand, due to 
logistic and economic reasons, everything in architectural design is now done in miniature scales. The digi-
tal model of the full scale representation proposed in this study can overcome these physical and economic 
constraints to create a representation that is true to the reality. It reduces the possibility of visual illusions 
caused by ambiguity, abstraction, and distortion found in the traditional architectural representations.  
Method 
A Virtual Architectural Design Tool (VADeT) was developed to explore the advantages and disadvantages 
of using full-scale representation in the VR environment. VADeT is an application in C2 (another version 
of the Cave Automatic Virtual Environment, or CAVE facility at Iowa State University). C2, a synthetic 
virtual reality facility (Cruz-Neira et al., 1993), is a 12' by 12' room in which the user is surrounded by 
three-dimensional images, projected in real time on three walls and the floor. 
The features of  the VADeT include capabilities to  perform solid modeling and a variety of architectural 
design primitives and editing operations. The VADeT system provides several traditional and nontraditional 
design methods. The traditional methods include the creation, placement, scaling, coloring, and texturing of 
design primitives. The nontraditional methods include the navigation inside the model, saving the design 
process and redisplaying the design process. 
Two subjects were asked to participate in the study by completing a simple kitchen design using the 
VADeT system in the C2. Design results were not required as conventional drawings but as a full-scale 
digital model of a kitchen. Walls, windows, and appliances were created for completing the design problem. 
There was no time limitation; however, the subjects were asked to think aloud, and the entire design pro-
cesses were audio- and video-recorded for data analysis. The given design problem is the following. 
"The owner will provide $250,000 to build a new home with four bedrooms and a three-door garage in 
Ames, Iowa.  The site has not been selected and decided yet, but the client would like a schematic design of 
the new kitchen first.  There are several design constraints -- the client requires views and reduction of street 
noise as much as possible. The whole family enjoys a colorful appearance and well-made materials.  Please 
determine the size of the kitchen, dimensions of each appliance, possible circulation, and the orientation 
needed for this kitchen. The north of the site is directly in front of you. Please start your design now." 
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Design results 
Experiment by subject A 
The subject A has been working for an architectural firm in CAD for three years and has applied VR for his 
diploma project. He spent a half hour familiarizing himself with the system operations and 75 minutes to 
complete the design (see Figure 5), for which the floor plan is shown in Figure 6. The subject indicated that 
there was no particular concept or image existing in his mind before starting the design. His entire design 
used the geometry provided by the system. The sequence of design generation was recorded in the diagram 
shown in the right-hand column of Figure 6. The alphabetical order symbolizes the chronological order of 
form generation. 
 
   











A: right wall 
B: left wall 
C: back wall 
D: central countertop 
E: left window frame 
F: right window frame 
G: window sill 
H: left countertop 
I: right countertop 
J: right carbinet 




Fig. 6. Diagram of the floor plan. 
Five characteristics are found in the design processes of Subject A. These characteristics suggest the in-
fluence of the full-scale perception on design thinking. 
 
1. None of the generated objects had any particular dimensions. Objects were generated by using other 
objects as reference. Therefore, after an object was generated, the subject had to make extra efforts to 
adjust the sizes of the adjacent objects and the spatial relations between them. This relates to the loca-
tion, size, and scale of the connected objects as a group. Because the subject could perceive instantane-
ously the proportion of the object and its surrounding space, if any visual distortion was perceived that 
could not be tolerated, then adjustment occurred immediately.  
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2. The subject assigned materials or textures to the object after it had been created to apprehend the exist-
ence of the object.  
3. The subject spent little time on formulating the design problem. This may have be caused by the imme-
diate psychological projection into the environment; the subject did not have time to analyze the prob-
lem.  
4. The entire process seemed more intuitive rather than deliberate. One theory is that because the percep-
tion is full of 3D images, the thinking process tends to be driven mainly by geometric (visual) thinking 
instead of conventional logic reasoning. 
5. The size of the kitchen is close to the dimensions of the C2 setting of 12' by 12' by 12'. 
The second experiment by subject B 
The subject B of this session was a senior architecture student who had applied VR techniques to finish his 
diploma project. The total time needed to finish the design was 3 hours and 12 minutes.Results of 3D imag-
es are shown in Figures 7 and 8, and plan view is shown in Figure 9. The design solutions are to locate the 
kitchen facing north, to have the south side leading to the dining area, with bay windows on the facade for 
exposure to southern light. The counter island provides a snack bar function with views through the south 
(see Figure 9). The chosen materials for the countertop are marble finishes, ceramic tiles for the island 
counter top, and stylish designs for chairs to address the requirements of well-made materials. 
 
  
Fig. 7. 3D view of the design results by subject B. 
 
Fig. 8. Section perspective of the design results by subject B. 
The subject indicated that immediately after he had read the design task, he had a solution which was in 
the form of a U shape with a snack bar eating area in the middle, and bay window on the south side for 
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dining. The rest of the kitchen was generated intuitively and conceptualized in real time to find out things 
that worked out the best for each other. Therefore, the design started from constructing the counters and 
cabinets to form the U shape and proceeded to the counter island in the middle. Others were thought out 
instantaneously. 
 
1. Western wall 
2. Eastern wall 
3. Eastern door 
4. Northern wall 
5. Counter A 
6. Cabinet A 
7. Counter B 
8. Cabinet B 
9. Counter C & desk 











12. Counter island 
13. Chair A 
14. Chair B 
15. Cabinet D 
16.  Book shelf 
17. Sink 
18. Oven 










Fig. 9. Diagram of the floor plan.  
This design session had several characteristics appearing in the process: (1) most of the time, the subject 
B applied snap function with a quarter of inches spacing interval to move entities to the right location as 
well as to scale objects to get the right size; (2) The subject applied color and materials to all entities; (3) 
The entities were mostly created on the side, then moved and placed on the right location afterwards; (4) 
The subject considered the rule of the kitchen triangle in the process; (5) no alternative design solutions 
were created or considered and the whole process was linear; (6) The subject spent a lot of attention on the 
proportions of each object, their spatial relationships with adjacent objects, and their location in the space 
that fulfilled functional links with other objects; (7) The subject used his body as a reference scale, for in-
stance, he utilized the height of his hip and the length of his palm to measure the height of the counter and 
the size of the cabinets’ handle bars. 
Discussions 
The experiments from this study has yielded many interesting observations about conducting design in a 
full-scale computer-generated model. First, a higher level of precision in the scaling can be expected. Both 
subjects in the study used their bodies as references to determine the size of the objects. Obviously, this is 
the advantage of using a full scale model.  
Second, the functionality of the elements in the design can be tested during the design process. There are 
no approximations and ambiguities in determining the walking circulation and structural components of 
objects. The VR design environment provides a real-time test for their functionality.  
Third, the design product is generated mostly by the visualization and manipulation of the objects, rather 
than by reasoning and logical problem solving. Both subjects were pre-occupied with completing the color 
and texture of the objects, and arranging and sizing the objects.  
Fourth, the design product contains a higher level of specification than the traditional design. Both de-
signs not only identified the elements in the kitchen and their spatial relationship, but also the texture, color, 
and material, most likely due to the immersive nature of this design tool. it is difficult to tolerate objects that 
have ambiguity, and abstraction. Because of this, VADeT appears to be a good tool for understanding aes-
thetic expression. 
One significant limitation of  VADeT was found from the experiments. VADeT still has functional limi-
tations that may prevent the generation of an optimal solution. For example, VADet currently does not al-
low the generation of organic forms. During the experiment of subject B, the experimentor asked him about 
the rationale of placing the refrigerator next to the stove, he considered moving the refrigerator to a differ-
ent location. However, he eventually left the refrigerator in the original location because VADeT currently 
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does not have an efficient ‘group’ function, which allows moving multiple objects simultaneously and it was 
a tedious process to move objects one by one. 
Conclusions 
This study documents how a new design tool, taking advantage of the most advanced computer technology, 
has resulted in new design process and representations. The flexibility to change the location, size, and 
attributes of each object and visualize changes immediately is very beneficial for schematic design and parti 
design. It also has great potential for teaching design, because the cause and effect is clearly displayed. 
It is interesting to observe the different design processes emerging from this full-scale tool. Apparently, 
the sense of projection and immersion is quite convincing, which alters the design behavior. The design 
process is almost purely visual. The overwhelming sense of the projection and immersion diverts designers' 
attention to local details and causes them to ignore the overall scheme. Overall, VADeT is an exciting new 
tool that warrants further research. 
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